Abstract Accumulation of amyloid beta-peptide (Aβ) in the brain is hypothesized to be a causal event leading to dementia in Alzheimer's disease (AD). Aβ vaccination removes Aβ deposits from the brain. Aβ immunotherapy, however, may cause T cell-and/or Fc-receptor-mediated brain inflammation and relocate parenchymal Aβ deposits to blood vessels leading to cerebral hemorrhages. Because catalytic antibodies do not form stable immune complexes and Aβ fragments produced by catalytic antibodies are less likely to form aggregates, Aβ-specific catalytic antibodies may have safer therapeutic profiles than reversibly-binding anti-Aβ antibodies. Additionally, catalytic antibodies may remove Aβ more efficiently than binding antibodies because a single catalytic antibody can hydrolyze thousands of Aβ molecules. We previously isolated Aβ-specific catalytic antibody, IgV L 5D3, with strong Aβ-hydrolyzing activity. Here, we evaluated the prophylactic and therapeutic efficacy of brain-targeted IgV L 5D3 gene delivery via recombinant adeno-associated virus serotype 9 (rAAV9) in an AD mouse model. One single injection of rAAV9-IgV L 5D3 into the right ventricle of AD model mice yielded widespread, high expression of IgV L 5D3 in the unilateral hemisphere. IgV L 5D3 expression was readily detectable in the contralateral hemisphere but to a much lesser extent. IgV L 5D3 expression was also confirmed in the cerebrospinal fluid. Prophylactic and therapeutic injection of rAAV9-IgV L 5D3 reduced Aβ load in the ipsilateral hippocampus of AD model mice. No evidence of hemorrhages, increased vascular amyloid deposits, increased proinflammatory cytokines, or infiltrating T-cells in the brains was found in the experimental animals. AAV9-mediated anti-Aβ catalytic antibody brain delivery can be prophylactic and therapeutic options for AD.
Introduction
One of the cardinal pathological changes in Alzheimer's disease (AD) is the accumulation of amyloid beta-peptide (Aβ) in amyloid plaques and the walls of blood vessels (cerebral amyloid angiopathy or CAA). A great deal of evidence supports the amyloid hypothesis that states that deposition/ accumulation of Aβ in the brain is a causal event leading to dementia in AD [1] . Therefore, preventing and clearing the Aβ accumulation in the brain have been considered to be prophylactic and therapeutic, respectively. Because active and passive Aβ immunization is highly effective in preventing and clearing brain Aβ accumulation in animal models of AD, Aβ immunotherapy emerged as one of the most promising approaches for AD prevention and therapy [2] [3] [4] . Human clinical trials of synthetic Aβ vaccination (AN-1792), however, were halted due to brain inflammation presumably induced by T cell-mediated and/or Fc-mediated immune responses [5, 6] and/or toxicity of AN1792 [7] [8] [9] . Thus, the active immunization may cause T cell-mediated inflammation, and Aβ-IgG complexes are likely to cause Fc-mediated microglial activation resulting in production of proinflammatory cytokines, chemokines, and reactive oxygen species. Additionally, these Aβ immunotherapies were often associated with vasogenic edema and microhemorrhages in the brain [10] [11] [12] [13] . The latter was thought to be caused by relocation of parenchymal Aβ aggregates to the walls of cerebral blood vessels [14, 15] ; thus, the inflammatory responses and cerebral hemorrhages associated with Aβ immunotherapies can be detrimental to the AD patients' health. Indeed, recent clinical trials of passive Aβ immunotherapies failed to meet their primary end-points [16] . We hypothesize that the beneficial effects of Aβ immunotherapies are counteracted by inflammatory responses and cerebral hemorrhages associated with their intrinsic attributes.
Low levels of naturally occurring autoantibodies to Aβ are found in AD patients, as well as healthy humans [17] [18] [19] [20] . We previously reported naturally occurring IgM class human autoantibodies which hydrolyze Aβ and inhibit aggregation and neurotoxicity of Aβ [21] . We isolated and characterized many clones of immunoglobulin variable domains (IgVs) with Aβ-hydrolysis activity by screening a human IgV library [22] . One of such IgV clones with exceptionally high potency and specificity in Aβ hydrolysis consisted of a single domain IgV containing only one V L domain (designated IgV L 5D3). The structures and amino acid sequences of IgV L 5D3 were previously reported [22] (GenBank FJ231718). The catalytic sites of IgVs are structurally similar to those of the serine proteases, and serine protease-like catalytic triads have been identified in the V domains of IgVs [23, 24] . The catalytic mechanism of IgVs involves nucleophilic attack on the electrophilic carbonyl of peptide bonds. IgV L 5D3 hydrolyzes Aβ at rates superior to naturally occurring Igs by 3-4 orders of magnitude and mainly cuts the His14-Gln15 bond and, less often, other peptide bonds located in the central Aβ region [22] . The kcat of IgV L 5D3 is comparable with that of neprilysin, Aβ degrading enzyme [22] . Expression of neprilysin in neurons and skeletal muscle via rAAVmediated gene delivery is effective in reducing brain Aβ load in AD mouse models [25, 26] . A conventional, single IgG binds and inactivates only the two Aβ molecules, while one molecule of the proteolytic Igs can hydrolyze/inactivate thousands of Aβ molecules. The catalytic IgVs permanently degrade Aβ into smaller fragments, Aβ1-14 and Aβ15-40 or Aβ15-42 [22] . These cleaved fragments do not form amyloid and are not toxic to neurons [27, 28] . Because such smaller Aβ fragments are not involved in the formation of Aβ aggregates [27, 28] , and because catalytic IgVs lack the Fc region and do not form a stable IgV-antigen complex, it is unlikely to produce the side effects such as inflammation, cerebral amyloid angiopathy, and hemorrhage. Thus, the catalytic IgVs can be superior to non-catalytic Igs in therapeutic efficacy and safety. Here, we evaluated the prophylactic and therapeutic efficacy and safety of brain-targeted IgV L 5D3 gene delivery via recombinant adeno-associated virus serotype 9 (rAAV9) in an AD mouse model (TgAPPswe/PS1dE9).
Materials and Methods

Ig Expression Vector Construction
A catalytic IgV L clone, 5D3, composed of a single variable light chain domain (IgV L ), was previously isolated and characterized [21] . IgV L 5D3 catalyzes the hydrolysis of Aβ specifically and does not contain the Fc region. An rAAV expression vector for IgV L 5D3, pAAV-CAIgV L 5D3, was constructed by replacing cDNA for scFv59 with IgV L 5D3 cDNA in pAAV-CAscFv59 [29] and by inserting the 530 bp rabbit β-globin 3′ non-coding sequence (βG3') from pCAGGS [30] as a stuffer into the 5′ side of the 3′ inverted terminal repeat for optimal encapsidation of rAAV (Fig. 1) . The expression plasmid contained the cytomegalovirus enhancer/β-actin promoter for high expression, the signal sequence of the immunoglobulin heavy chain gene for secretion, and the woodchuck hepatitis virus post-transcriptional regulatory element for enhanced translation efficiency. IgV L 5D3 contained Myc-His tag at the C-terminal ends as markers.
Expression and Secretion of IgV L 5D3 in HEK293 Cells
Human embryonic kidney 293 (HEK293) cells were cultured in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10 % fetal bovine serum in 6-cm dishes, and transfected with 5 μg of pAAV-CAIgV L 5D3 using GenJet in vitro DNA transfection reagent (SignaGen Laboratories, Rockville, MD, USA), according to the manufacturer's protocol. Seventy-two hours after transfection, the media and cells were harvested, and the proteins in the media and cells Fig. 1 Schematic representation of IgV L 5D3 and its expression vector, pAAV-CAIgV L 5D3. IgV L 5D3 is a single domain VL (red) with a tag at the C-terminus, corresponding to the peptide. Linker (dashed line), a short peptide region in place of the VH domain and the His6/c-myc tag (blue) (a). Typical IgG structure is shown as a reference (b). pAAVCAIgV L 5D3 (c). ITR inverted terminal repeats; CMV cytomegalovirus enhancer; β-actin β-actin promoter; β-globin β-globin intron; SS signal sequence; IgV cDNA for IgV; hGH polyA human growth hormone polyadenylation signal; βG3 rabbit β-globin 3′ non-cording sequence were separated by 10-20 % sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). After electrotransfer to polyvinylidine difluoride (PVDF) membranes (Millipore, Bedford, MA, USA), IgV L 5D3 was detected by anti-c-Myc monoclonal antibody (Sigma, St. Louis, MO, USA) and visualized by the enhanced chemiluminescence method (Amersham, Arlington Heights, IL, USA), according to the manufacturers' protocol.
Recombinant Adeno-associated Virus Preparation
Using the calcium phosphate method as previously described [31] , HEK293 cells were transfected with the helper plasmids containing the AAV2 rep and AAV9 capsid gene, and pAAVCAIgV L 5D3 to produce pseudotyped rAAV9 encoding IgV L 5D3. Produced viral particles were released from the cells by rapid freeze and thaw, and separated by iodixanol gradient fractionation. The viral particles were further purified by a HiTrap Q column using an ATKA FPLC system (GE Healthcare, Piscataway, NJ, USA) as previously described [32] . The titer of rAAV virion that contained the vector genomes was determined by the quantitative dot-blot assay as described previously [33] .
Experimental Animals and Stereotaxic Injection of rAAVs C57BL/6 J mice and an AD mouse model, B6.Cg-Tg (APPswe, PSEN1dE9) 85Dbo/J mice (here referred to as TgAPPswe/PS1dE9 mice) [34] purchased from Jackson Laboratory, were used to study the prophylactic and therapeutic efficacy of intracerebroventricular injection of rAAV9-IgV L 5D3. Mice were anesthetized by pentobarbital and placed on a stereotaxic instrument with a motorized stereotaxic injector (Stoelting, Wood Dale, IL, USA). A midline incision was made to expose the bregma. A hole in the skull was made by a drill 0.5 mm posterior to the bregma and 1.0 mm right to the midline. rAAV (3.0×10 10 vector genomes (vg) in 10 μl PBS/mouse) was injected unilaterally into the right ventricle at the depth of 2 mm at a rate of 1 μl/min. After allowing the needle to remain in place for 5 min, the needle was slowly raised at a rate of 0.1 cm/min. For the prophylactic study, 2-month-old mice were injected with a single dose of rAAV9-IgV L 5D3 as described above and, 8 months after the injection, subjected to cerebrospinal fluid (CSF) collection. For the therapeutic study, rAAV9-IgV L 5D3 injections were carried out at 10 months of age and, 5 months after the injections, mice were subjected to CSF collection. Upon the completion of the CSF collection, mice were terminated for immunohistochemical and biochemical analyses. As controls, mice were similarly injected with PBS. The numbers of mice, their sexes, genotypes, and mortality are summarized in Table 1 (prophylaxis) and Table 2 (therapy). All animal protocols used for this study were prospectively reviewed and approved by the Institutional Animal Care and Use Committee of the University of Illinois College of Medicine at Peoria.
Murine CSF Isolation
Cerebrospinal fluid was isolated from the cisterna magna compartment using the method described by DeMattos et al. [35] . Mice were anesthetized by pentobarbital and fixed face down on a narrow platform. An incision was made from the top of the skull to the dorsal thorax. The musculature from the base of the skull to the first vertebrae was carefully removed to expose the meninges overlying the cisterna magna. The surrounding area was gently cleaned with 1× PBS using cotton swabs to remove any residual blood or other interstitial fluid. The arachnoid membrane covering the cistern was punctured with a 29 gauge insulin syringe. A polypropylene narrow bore pipette was immediately placed in the hole to collect CSF. As the primary CSF exiting, the compartment was collected; a second collection was performed after the cistern was refilled within 2 min. About 10 to 15 μl CSF was collected from each mouse.
Immunohistochemical and Histochemical Analyses
Mice were deeply anesthetized with pentobarbital and cardinally perfused with cold PBS, and the brains were quickly removed. The neocortices and hippocampi of the left hemispheres were separately dissected and stored at −80°C for further studies. The right hemispheres were fixed in 4 % paraformaldehyde for 48 h. For some mice, both hemispheres were fixed in 4 % paraformaldehyde for 48 h for immunohistochemical analysis. The brains were then stored overnight in 30 % sucrose in 0.1 M PBS and frozen in Tissue-Tek optimal cutting temperature compound. Coronal sections (35 μm thick) of the brains were cut on a freezing-stage cryotome and kept in 0.1 M PBS at 4°C. Sections were subjected to immunohistochemical and histochemical staining. The brain sections were immunostained with anti-c-Myc monoclonal antibody (Sigma) for the detection of IgV L 5D3. The Aβ deposit in the brain was detected by 6E10 antibody (Covance, Princeton, NJ, USA). Neuroinflammation was detected by rabbit anti-mouse Iba1 (Wako, Osaka, Japan), rat anti-mouse CD11b, rat anti-mouse CD45, and rabbit anti-mouse GFAP antibodies (Serotec, Oxford, UK). Free floating immunohistochemistry was performed by using avidin-biotin immunoperoxidase method (Vector, Burlingame, CA, USA). Endogenous peroxidase was eliminated by treatment with 1 % H 2 O 2 /10 % methanol Tris-buffered saline (TBS) for 60 min at room temperature. After washing with 0.1 M Tris buffer (pH 7.5) and 0.1 M TBS (pH 7.4), sections were blocked with 5 % normal serum (from the same animal species in which the secondary antibody was made) in 0.1 M TBS with 0.5 % triton-X-100 (TBS-T) for 60 min at room temperature to prevent non-specific protein binding. The sections were then incubated with primary antibodies as described above in 2 % serum in TBS-T for 18-48 h at 4ºC. For the negative controls, slides were processed without primary antibody. The sections were rinsed in 0.1 M TBS and incubated with biotinylated secondary antibodies in 2 % serum TBS-T for 2 h at room temperature. Finally, the avidin-biotin peroxidase method using 3,3′-diaminobenzidine as a substrate (Vector) was performed. Some sections were counterstained with hematoxylin.
For the detection of fibrillar Aβ plaque, tissue sections were stained in 1 % thioflavin S (Sigma) and rinsed with 70 % ethanol. After washing with H 2 O, the sections were mounted in 75 % glycerol in H 2 O.
To detect possible cerebral hemorrhages, Prussian blue reaction was carried out on brain sections using an Iron Stain kit (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer's protocol.
Histomorphometry was performed for quantification of amyloid deposits and reactive/activated glial cells using an Olympus BX61 automated microscope, Olympus Fluoview system, and Image Pro Plus v4 image analysis software (Media Cybernetics, Silver Spring, MD, USA) capable of color segmentation and automation via programmable macros. Five coronal brain sections, each separated by an approximately 400-μm interval, starting at 1.3 mm posterior to the bregma to caudal, from each mouse were analyzed. Both neocortex and hippocampus were found in all the brain sections and analyzed separately. Stained areas were expressed as a percentage of total neocortex or hippocampus, respectively. For CAA, thioflavin S-positive blood vessels in three to four right hemisphere sections for each mouse were enumerated and expressed as a number of thioflavin S-positive blood vessels per square millimeter. Data were expressed as mean ± standard error of the mean (SEM).
Quantification of Brain and CSF Aβ by ELISA
The left neocortex and hippocampus were removed from storage at −80°C, lysed using the Bio-Plex cell lysis kit (Bio-Rad Laboratories, Hercules, CA, USA), and homogenized according to the manufacturer's protocol, and centrifuged at 16,000×g for 30 min at 4°C. The supernatants containing buffer-soluble Aβ were collected, and the protein concentrations in the supernatants were determined by Bio-Rad Protein Assay (Bio-Rad). The pellets containing buffer-insoluble Aβ were further dounce homogenized in guanidine hydrochloride (final concentration, 5 M) and then rock-shaken for 3-4 h at room temperature. Levels of buffer-soluble and insoluble Aβ in the left neocortex and hippocampus and Aβ in the CSF were quantified by Aβ42 and Aβ40 enzyme-linked immunosorbent assay (ELISA) kits (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's protocol, in which antibody to the Nterminus of human Aβ had been coated.
Immunoblotting for Detection of IgV L 5D3 Expression and Neuroinflammation in the Brain
Buffer-soluble homogenates (50 μg) from the hippocampus and neocortex or CSF samples (10 μl) were mixed with 2× sample buffer (final concentration; 60 mM Tris-HCl, 2 % SDS, 10 % glycerol, 0.001 % bromphenol blue, pH 6.8) and heated at 100°C for 5 min. Samples were subjected to 10-20 % Tris-HCl gradient SDS-PAGE and electrotransferred to PVDF membranes. IgV L 5D3 on the membranes were detected using anti-c-Myc monoclonal antibody. Neuroinflammation was detected by rat anti-mouse CD45 and rabbit anti-mouse GFAP antibodies. Then, specific bands were visualized by an enhanced chemiluminescence system (Amersham, Arlington Heights, IL, USA) according to the manufacturer's protocol. For CD45 and GFAP quantification, the membranes were reprobed with antiglyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (Chemicon, Temecula, CA, USA). The optical densities of protein bands from the membranes were determined by densitometric scanning using an HP Scanjet G3010 Photo Scanner and Image J V1.40 (National Institutes of Health, MD, USA). The optical density of each protein band was divided by that of the GAPDH band on the same lane from the same membrane for normalization.
Determination of Anti-IgV L 5D3 Antibody Titers in Sera
In order to determine the levels of anti-IgV L 5D3 antibodies which might be possibly increased in mice subjected to rAAVIgV L 5D3 injection, blood was drawn from mice 4 and 7 months and 2 and 5 months after rAAV injections for the prophylactic and therapeutic studies, respectively. Approximately 100 μl of blood per mouse was taken from the tail vein, incubated at room temperature for 1 h and then transferred to 4°C. After overnight incubation, blood was centrifuged at 12,000×g for 30 min, and serum was stored at −80°C and thawed at the time of assay. ELISA was carried out to determine titers of anti-IgV L 5D3 antibodies. Briefly, 96-well plates were coated with 250 ng of purified IgV L 5D3 per well at 4°C overnight, followed by incubation with blocking buffer (1× PBS containing 0.5 % BSA, 0.05 % Tween-20, and 5 % goat serum) at room temperature for 1 h. Then, diluted serum samples (1:50) were added to the microtiter wells and incubated at 4°C overnight. The next day, the microplates were washed five times using washing buffer (1× PBS containing 0.05 % Tween-20), and then incubated with HRP-conjugated secondary antibody at room temperature for 1 h. The microplates were then washed with washing buffer five times followed by incubation with 3,3′,5,5′-tetramethylbenzidine (TMB) (Kirkegaard & Perry Laboratories Inc., Gaithersburg, MD, USA) for 15 min to allow the development of color. The reaction was stopped by adding 100 μl of 1 N H 2 SO 4 . The optical densities were determined at 450 nm using a Microplate Reader. Serial dilutions of anti-c-Myc antibody were used as standard to determine titers of anti-IgV L 5D3 antibodies.
Statistical Analysis
Data were expressed as mean ± SEM. Analysis of variance (ANOVA) and two-tailed Student's t test were used to determine the intergroup significant difference. P<0.05 was considered statistically significant. (Fig. 2) . Thus, IgV L 5D3 was expressed in HEK293 cells and secreted into the medium.
Results
Secretion of IgV
Treatments and Mortality
To investigate the prophylactic effects of brain-targeted IgV L 5D3 expression, rAAV9-IgV L 5D3 (3×10 10 vg/mouse in 10 μl PBS) was injected into the right lateral brain ventricles of TgAPPswe/PS1dE9 mice and their non-transgenic littermates (non-Tg mice) at 2 months of age. PBS was similarly injected into control mice. To investigate the therapeutic effects, rAAV9-IgV L 5D3 (3 × 10 10 vg/mouse) or PBS (controls) was similarly injected to TgAPPswe/PS1dE9 and non-Tg mice at 10 months of age. The mice were euthanized at 10 and 15 months of age for prophylaxis and therapy, respectively. The numbers of mice, their genotypes, sexes, treatments, and the numbers of dead mice during the experimental courses are summarized in Table 1 (prophylaxis) and  Table 2 (therapy). There was no difference in the mortalities between any treatment groups (chi-square test, p>0.05). A high mortality rate of TgAPPswe/PS1dE9 mice with a death peak around 3 to 4 months of age due to seizures was previously reported [36] . To further determine the expression levels of IgV L 5D3 in the left hippocampus, neocortex, and CSF, immunoblot analysis was performed using samples from the therapeutic group. Expressed IgV L 5D3 was detected with anti-c-Myc antibody (Fig. 4) . Strong high density bands of IgV L 5D3 are identified as an approximately 18 kDa fragment in the left hippocampus in every mouse subjected to rAAV9-IgV L 5D3 injection (Fig. 4) . However, there was a great variability in the IgV L 5D3 expression levels in the left neocortex among different mice subjected to rAAV9-IgV L 5D3 injection (Fig. 4) . Moderately, variable levels of IgV L 5D3 expression were identified in the CSF isolated from the mice subjected to rAAV9-IgV L 5D3 injections (Fig. 4) . Thus, variability was observed in levels of IgV L 5D3 expression in the left neocortex and CSF in the mice subjected to rAAV9-IgV L 5D3 injections.
IgV L 5D3 Brain Expression via Prophylactic rAAV9 Injection Reduces Aβ Load in the Right Hippocampus
Eight months after rAAV9-IgV L 5D3 or PBS injection, mice were terminated at age 10 months. Diffuse and fibrillar Aβ deposits in the right brain hemispheres were visualized by 6E10 antibody (Fig. 5a) , and fibrillar Aβ deposits were identified by thioflavin S fluorescence (Fig. 5c) . The visualized areas were quantified by morphometric analysis and expressed as the percentage of area positive for Aβ immunohistochemistry or thioflavin fluorescence. The average Aβ loads in right hippocampus by 6E10 immunoreactivity were 0.315±0.030 and 0.470±0.058 % for mice treated with rAAV9-IgV L 5D3 and PBS, respectively (Fig. 5b) . The average Aβ loads in right neocortex by 6E10 immunoreactivity were 0.541±0.065 and 0.868±0.096 % for mice treated with rAAV9-IgV L 5D3 and PBS, respectively (Fig. 5b) . Thus, prophylactic injection of rAAV9-IgV L 5D3 reduced the Aβ-immunoreactive deposits in the right hemisphere compared with PBS injection (p=0.03 for the hippocampus and p=0.01 for the neocortex). In the right hippocampus, the average amyloid load by thioflavin S fluorescence in rAAV9-IgV L 5D3-treated mice (0.22±0.04 %) was significantly less than that in PBS-treated mice (0.36 ± 0.05 %, p = 0.04) (Fig. 5d) . Although, in the right neocortex, the average amyloid load by thioflavin fluorescence in rAAV9-IgV L 5D3-treated mice (0.36±0.07 %) was less than that in PBS-treated mice (0.45±0.06 %, p=0.24), the difference was not significant. Thus, prophylactic rAAV9-IgV L 5D3 injection reduced the Aβ load in the right hippocampus by approximately 20 to 40 % as compared with PBS injection. The reasons for the discrepancy in Aβ load in the right neocortex between 6E10 immunoreactivity and thioflavin fluorescence are not clear but may be due to the small numbers of experimental animals or the greater variability in the expression levels of IgV L 5D3 in the neocortex, or both.
Levels of buffer-soluble and -insoluble Aβ in the left hippocampus and neocortex of the transgenic mouse groups were quantified by Aβ42-and Aβ40-specific ELISA. No differences were found between the groups in buffer-soluble and -insoluble Aβ levels (data not shown).
IgV L 5D3 Brain Expression via Prophylactic rAAV9 Injection does not Increase Inflammation
Aβ immunotherapy may induce brain inflammation. Eight months after rAAV9-IgV L 5D3 and PBS injection, activated microglia/monocytes in the right hippocampus and neocortex were immunostained with anti-Iba1 and anti-CD45 antibodies (Fig. 6a, c) . The visualized areas were quantified by morphometric analysis and expressed as the percentage of area positive for Iba1 or CD45 immunostaining. There were no differences in expression levels of these markers of microglial/myeloid cells in the right hippocampus and neocortex between any transgenic groups (Fig. 6b, d) .
Inflammatory responses possibly induced by rAAV9-mediated IgV L 5D3 brain expression were studied by determining expression levels of proinflammatory cytokines by ELISA in the left neocortex. On average, expression levels of IL-1β, IL-6, and TNF-α in the rAAV9-IgV L 5D3-injected transgenic group were lower than those in the PBS-injected transgenic group. However, the differences were not significant (Fig. 6e) .
Infiltration of inflammatory cells was not observed in the brain sections in any of the treatment groups. Thus, there was no evidence of an increase in inflammatory responses due to the prophylactic rAAV9-IgV L 5D3 treatment.
IgV L 5D3 Brain Expression via Therapeutic rAAV9 Injection Reduces Aβ-immunoreactive Deposits in the Right Hippocampus and Fibrillar Aβ Deposits in the Right Neocortex
Five months after rAAV9-IgV L 5D3 or PBS injection, mice were terminated at age 15 months. Diffuse and fibrillar Aβ deposits in the right brain hemispheres were visualized by anti-Aβ 6E10 antibody (Fig. 7a) , and fibrillar Aβ deposits were detected by thioflavin S fluorescence (Fig. 7c) . The visualized areas were quantified by morphometric analysis. Aβ immunoreactive areas in the right hippocampus reduced (Fig. 7b) . Thioflavin S-positive areas in the right neocortex in the rAAV9-IgV L 5D3-treated transgenic group (0.69± 0.04 %) significantly decreased compared to those in the PBS-treated transgenic group (0.88±0.05 %, p=0.03), but the reduction in the right hippocampus in the rAAV9-IgV L 5D3-treated transgenic group barely missed its significance (0.47±0.05 for IgV L 5D3 and 0.62±0.06 for PBS, p= 0.09) (Fig. 7d) . The reasons for the discrepancies in Aβ load between Aβ-immunoreactivity and thioflavin S fluorescence are not clear but probably due to varying levels of IgV L 5D3 expression and the small numbers of experimental animals. Thus, brain-targeted IgV L 5D3 expression via therapeutic rAAV9 injection reduced Aβ-immunoreactive deposits in the right hippocampus and fibrillar Aβ deposits in the right neocortex.
IgV L 5D3 Brain Expression via Therapeutic rAAV9 Injection does not Reduce Levels of Buffer-soluble and Insoluble Aβ in the Left Hemisphere Levels of buffer-soluble and -insoluble Aβ in the left hippocampus and neocortex of the transgenic mouse groups subjected to therapeutic rAAV9-IgV L 5D3-and PBStreatments were similarly determined by ELISA. No differences were found between the two treatment groups in buffersoluble and -insoluble Aβ levels (data not shown).
IgV L 5D3 Brain Expression via Therapeutic rAAV9 Injection Reduces Microglia/monocyte Activation Brain sections were stained with anti-Iba1 antibody for activated microglia, and Iba1-immunoreactive areas were quantified by morphometric analysis (Fig. 8a, b) . Iba1-immunoreactive areas in the rAAV9-IgV L 5D3-treated transgenic group (0.27±0.03 and 0.33±0.03 % for the right hippocampus and neocortex, respectively) decreased compared to the PBS-treated transgenic group (0.41±0.03, p=0.02 and 0.44±0.03 %, p=0.04 for the right hippocampus and neocortex, respectively). CD45 expression levels in the left hemisphere were determined by immunoblot analysis (Fig. 8c, d ). CD45 expression levels in the rAAV9-IgV L 5D3-treated transgenic group (1.10±0.01 and 0.34±0.02 for the left hippocampus and neocortex, respectively) were lower than those in the PBS-treated transgenic group (1.22±0.07 and 0.49±0.04 for the right hippocampus and neocortex, respectively, p=0.02 for both). Thus, brain-targeted IgV L 5D3 expression via therapeutic rAAV9 injection reduced Iba1-positive microglia in the right hemisphere and CD45 expression levels in the left hemisphere. Inflammatory responses possibly induced by therapeutic rAAV9-IgV L 5D3 treatment were also studied by determining expression levels of IL-1β, IL-6, and TNF-α by ELISA in the left neocortex. On average, expression levels of IL-1β, IL-6, and TNF-α in the rAAV9-IgV L 5D3-injected transgenic group were lower than those in the PBS-injected transgenic group. However, the differences were not significant (Fig. 8e) .
IgV L 5D3 Brain Expression via Therapeutic rAAV9 Injection does not Cause Increases in Cerebral Amyloid Angiopathy and Microhemorrhages
Aβ-immunotherapy can cause hemorrhages which are often accompanied by an increase in CAA. Therefore, we enumerated the numbers of blood vessels positive for thioflavin S fluorescence and of hemorrhages detected by Prussian blue reaction. No differences were found in CAA (Fig. 9 ) and hemorrhages (data not shown) between the rAAV9-IgV L 5D3-treated and PBS-treated transgenic groups.
Anti-IgV L 5D3 Antibodies Induced by Brain-targeted IgV L 5D3 Expression via rAAV9 were Negligible IgV L 5D3 is derived from human Ig and can induce immune responses in mice. To determine whether brain-targeted IgV L 5D3 expression via rAAV9 elicits anti-IgV L 5D3 antibody production, blood was prepared from rAAV9-IgV L 5D3-treated transgenic mice at 4 and 7 months after rAAV9 injection for the prophylactic group and at 2 and 5 months after the injection for the therapy group. Their serum titers were determined by ELISA. Out of eight mice in the prevention group, three mice had anti-IgV L 5D3 titers ranging from 1 to 21 ng/ml and all mice in the therapy group had titers ranging from 14 to 112 ng/ml (Fig. 10) . Thus, their titers were modest and appeared to have insignificant effects on inactivating IgV L 5D3, because CSF levels of IgV L 5D3 were estimated to be more than 1 μg/ml based on immunoblotting of CSF (Fig. 4) .
Discussion
Anti-Aβ immunotherapy has been repeatedly demonstrated to be effective in reducing brain Aβ levels in animal models and clinical trials [37, 38] . However, human clinical trials of active immunization with aggregated Aβ (AN1792) were halted due to brain inflammation, presumably induced by T cell-mediated and/or Fc-mediated immune responses [5, 6] . Additionally, the clinical trials and passive immunization (anti-Aβ antibody administration) induced CAA and microhemorrhages in an AD patient [39] and some AD mouse models [14, 15, 40] . Because Aβ deposits in CAA increased hippocampi and neocortices were subjected to SDS-PAGE followed by immunoblotting using anti-CD45 antibody (c). The bar graph represents the optical density ratio to that of the GAPDH band on the same lane (d). Proinflammatory cytokine levels in the left neocortex homogenates were determined by ELISA (e). The values shown are the mean ± SEM. Scale bars, 1 mm only in the specific brain area where the highest extent of parenchymal amyloid plaque clearance was observed, one of the mechanisms explaining the increased hemorrhage after anti-Aβ immunotherapy is that Aβ in parenchymal amyloid plaques is solubilized by anti-Aβ antibody and focally relocated to the blood vessels [41, 42] . Most recent results from the clinical trials of passive immunization (bapineuzumab) have not produced significant clinical benefits in a wide range of AD patients [43, 44] . We hypothesize that the beneficial effects of Aβ clearance by active and passive anti-Aβ immunization are reduced by harmful proinflammatory responses that are induced by IgG-Aβ immune complex-mediated and/or Fc receptor-mediated activation of immune cells [10, 45] . Because Aβ-specific catalytic IgVs lack the Fc region and cannot form a stable IgV-Aβ complex, it is highly probable that catalytic IgVs do not induce harmful immune responses. Furthermore, because the catalytic IgVs permanently degrade Aβ into smaller fragments that are less likely to form aggregates, they circumvent Aβ vascular deposits and hemorrhages. Therefore, we hypothesize that a safe and effective immune therapy for AD can be established by the use of Aβ-specific catalytic IgVs.
We previously isolated and characterized a single chain antibody, scFv59, consisting of an antibody heavy-chain variable domain linked by a flexible polypeptide linker to a light chain variable domain [46] . scFv59 specifically binds with Aβ aggregates. As reported previously, we injected rAAV5 encoding scFv59 (rAAV5-scFv59) into the right lateral ventricles of 10-month-old TgAPPswe/PS1dE9 mice and determined the efficacy and safety of the therapeutic modality 5 months after the injection. The therapeutic injection of the rAAV5-scFv59 reduced Aβ load in the hippocampus but caused hemorrhages that were associated with a focal increase in blood vessel amyloid [29] . In line with our hypothesis, prophylactic and therapeutic injection of rAAV9-IgV L 5D3 into the right lateral ventricles of TgAPPswe/PS1dE9 mice reduced Aβ load without causing CAA, hemorrhages, and inflammation.
Cells in the brain can be transduced by rAAV vectors and long-term expression of a transgene can be achieved. Levels of transgene expression, target cell types, and transduced regions vary depending upon the rAAV serotypes. In the previous experiments, we used rAAV serotype 5 for intracranial delivery of the scFv59 after optimization of scFv59 brain expression by testing the three different pseudotyped rAAVs (serotype 1, 2, and 5) [47] . Widespread and high expression of scFv59 was observed in the hippocampi in both hemispheres in rAAV5-injected mice, but expression of scFv59 in the neocortex was limited and less intense than that of the hippocampus. Immunoreactivity for scFv59 was found in both neuronal cell bodies and the neuropils. Although scFv59 was readily detectable in the hippocampus and CSF by immunoblotting, scFv59 was undetectable in the neocortex by the same method. Here, we utilized rAAV serotype 9 (rAAV9) for IgV L 5D3 brain expression because our preliminary results with a limited number of mice indicated higher expression levels of a transgene by rAAV9 than the other serotypes (1, 2, 5, and 8) (data not shown) and because widespread robust expression by rAAV9 in the brain has been reported [48] [49] [50] [51] . A single rAAV9 injection into the right lateral ventricle transduced the entire right hippocampus. Although expressed IgV L 5D3 in the left hippocampus and neocortex was readily discernible in all mice by immunoblot analysis, the transduced area in the left hippocampus was limited to the anterior half of the hippocampus by immunohistochemistry (Figs. 3 and 4) . Expression of IgV L 5D3 was limited to small areas in both the right and left neocortex (Fig. 3) and the levels of IgV L 5D3 expression largely varied from mouse to mouse (Fig. 4) . Thus, the expression pattern of IgV L 5D3 by rAAV9 was similar to that of scFv59 by rAAV5, but expression levels of IgV L 5D3 by rAAV9 appeared to be higher than that of scFv59 by rAAV9 as exemplified by immunoblot analysis of the neocortex. The significant reductions in Aβ load were more consistently found in the right hippocampus than the right neocortex, probably due to varying IgV L 5D3 expression levels in the neocortex resulting in a large fluctuation in Aβ load, and no reductions were found in the left hemisphere. Thus, the reductions in Aβ load largely matched with the IgV L 5D3 expression pattern. In the future, a side-by-side comparison of scFv59 and IgV L 5D3 by performing direct intraparenchymal injections of the antibodies in AD mouse models will assess their precise differences in the Aβ clearance efficacy and safety.
Unexpectedly, the prophylactic injection of rAAV9-IgV L 5D3 did not reduce the activation of microglia/ macrophages in the right hemisphere even though Aβ load in the right hemisphere was reduced. As we expected, however, the therapeutic injection of rAAV9-IgV L 5D3 reduced activated microglia/macrophages in the right hippocampus and neocortex, indicating that IgV L 5D3 does not activate microglia/macrophages. During aging, microglia show diminished capacity for normal functions including elimination of toxic substances and pathogens and regulation of tissue injury and repair [52] . Indeed, microglia isolated from 6-month-old AD mouse models (TgPS1M146L/APP751SL) show an alternative activation state with Aβ phagocytic capabilities and those from 18-month-old AD mouse models display a classic cytotoxic phenotype [53] . Thus, the discrepancy in the microglia/macrophage activation status between the prophylactic and therapeutic modalities may be due to the microglial phenotypic changes during aging.
IgV L 5D3 was isolated from a human IgV library and contains a Myc-His tag. Therefore, IgV L 5D3 can induce its antibodies in mice, resulting in neutralization of its anti-Aβ catalytic activity. Injection of rAAV9-IgV L 5D3 into the lateral ventricles of TgAPPswe/PS1dE9 mice elicited modest antiIgV L 5D3 titers of less than 1 nM. The anti-IgV L 5D3 titers are very similar to those against scFv59 previously observed when rAAV5-scFv59 was injected into the ventricles of TgAPPswe/PS1dE9 mice [47] . Because 1 % or less antibodies in the circulation can cross the blood-brain barrier [54, 55] , such modest levels of anti-IgV L 5D3 titers will probably have no significant effect on its catalytic activity.
Neprilysin is a metalloproteinase and efficiently degrades Aβ. Expression of neprilysin in the brain via rAAV reduced Aβ load in AD mouse models [26, 56, 57] . IgV L 5D3 exceeds neprilysin in the efficacy (kcat=2.2 vs. 6.3/min) and specificity [22, 58] . Intracranial expression of IgV L 5D3 via rAAV9 reduced the cerebral Aβ load without inducing brain inflammation, cerebral hemorrhages, and exacerbation of CAA. Therefore, intracranial IgV L 5D3 delivery may be a safer and more efficacious approach to prevent and treat AD.
Our experimental results indicate that higher and more widespread expression of IgV L 5D3 is required for more widespread and robust reduction of Aβ load in the brain. Selfcomplementary rAAV vectors can significantly improve the efficacy of transduction as compared with identical vectors in a single-stranded format [59] [60] [61] . Widespread and high expression of transgenes in the brain has been reported by systemi c intravenous injection of rAAV9 [62] , intraparenchymal injection of rAAV9 into nuclei with divergent connections [49] , and their combinations [63] . These strategies for improved gene therapy should be exploited in future.
